If dark matter (DM) contains equal numbers of u, d, s quarks, the ratio of DM and ordinary matter densities is shown to follow from the Boltzmann distribution in the Quark Gluon Plasma. For sexaquark DM in the 1860-1880 MeV mass range (assuring sexaquark and nuclear stability) and quark masses and transition temperature from lattice QCD, the observed ΩDM /Ω b = 5.3 is in the predicted range, with 15% uncertainty. The prediction is insensitive to the current form of DM, which could be sexaquarks, strange quark matter nuggets, primordial black holes from their collapse, or a mixture of these.
INTRODUCTION
Ordinary matter is composed almost entirely of nucleons, by mass, and without a baryon chemical potential there would be a negligible residual nucleon density after matter-anti-matter annihilation [1] . The nucleonto-photon ratio 1 η ≡ n b /n γ = 6.58 ± 0.02 × 10 −10 is measured via CMB tracers of recombination and through primordial "Big Bang" nucleosynthesis (BBN) [2] , with their consistency being a triumph for the Standard Cosmological Model. η = 0 reflects the baryon asymmetry of the Universe (BAU); accounting for its value is a a profound challenge to theory. In most DM models the DM relic density is unrelated to the baryon asymmetry 2 and results from some entirely different process such as annihilation of DM particles (WIMP and other thermalrelic scenarios) or non-thermal processes (axion-DM). In such models the similarity of mass densities of DM and ordinary matter, Ω DM /Ω b = 5.3 ± 0.1 [5] , is just an accident.
Here I show that the observed value of Ω DM /Ω b follows from the Boltzmann distribution in the Quark-Gluon Plasma (QGP) if DM is composed of u, d, s quarks. In that case, DM as well as ordinary hadrons form when the QGP transitions to the hadronic phase around T ≈ 150 MeV. Examples of DM models in this category are the stable sexaquark [6] and quark nugget [7] models, and primordial black holes (PBH) formed from either of these.
After briefly reviewing the sexaquark and quark nugget models and the QCD phase transition, the main result is derived: an expression for Ω DM /Ω b which depends on the quark masses and the temperature at the end of the 1 Following conventional notation, subscript b denotes nucleons. 2 An exception to this, which is attractive by not requiring a net baryon asymmetry, is to sequester baryon number in the Dark Sector, e.g., [3] . In this approach, the similarity of DM and OM mass densities depends on the sequestered DM particles having similar mass to baryons; limits on heating due to DM annihilation exclude the simplest scheme [3] . See [4] for reviews and recent listing of the extensive literature.
QGP phase, the Dark Matter mass per unit baryon number, y b , and the efficiency with which strange quarks are entrained into dark matter. These factors are well enough determined from statistical physics and knowledge of the hadrons and lattice QCD, that Ω DM /Ω b can be predicted to within a factor-few uncertainty. The prediction agrees well with observation. The total baryon number asymmetry including that contained in DM would be
MODELS WITH uds DARK MATTER
The stable sexaquark hypothesis [6] 3 postulates that the Q=0, B=+2, uuddss flavor-singlet scalar bound state (denoted S) is stable. The S is absolutely stable if m S ≤ 2 (m p +m e ) = 1877.6 MeV. A somewhat higher mass may also possible, because up to m S = m p +m e +m Λ = 2054.5 MeV the S decays through a doubly-weak interaction and, if sufficiently compact, its lifetime may be longer than the age of the Universe [8] . Both cases are called "stable" below for conciseness. The S cannot be too light, or nuclei would decay. The most constraining process is np → Se + ν e because nn → Sγ is highly suppressed due to the S being uniformly neutral and having no magnetic moment [6] . Nuclei are of course stable if m S > m p + m n − m e − 2BE, where 2BE is the binding energy of the n + p. Thus m S 1861 MeV does not threaten nuclear stability; a somewhat lighter S may be viable as discussed in [8] and will be considered in more detail elsewhere. In the following, 1860-1880 MeV is sometimes called the "safe" mass range, where stability of both S and nuclei is assured, but it should be kept in mind that a larger range is not presently excluded.
Initial searches for a uuddss bound state were stimulated by Jaffe's mass estimate in the MIT bag model of 2150 MeV [9] . With a mass below 2m Λ = 2230 MeV, the state would be strong-interaction-stable and have a lifetime 10 −10 s; Jaffe called the state "H-dibaryon". Although its mass was uncertain, the H-dibaryon was almost universally assumed to decay weakly as a result of thinking m H > m p + m Λ (2054 MeV). Additionally, the H was envisaged as a loosely-bound di-Λ, readily formed in hypernuclei, e.g., [10] . Dozens of experiments were performed attempting to find an H-dibaryon, and the ensemble of null-results has widely been taken to exclude it.
While the original H-dibaryon is likely excluded, a careful re-examination of the experimental situation [6] shows that no experiment to date would have detected a compact, stable S. Experiments either required m H > 2 GeV, or searched for a signal in the invariant mass of decay products such as Λpπ − , or implicitly assumed a dibaryon spatial configuration comparable to a deuteron or nucleon so its interactions and production was expected to be comparable to ordinary hadrons; see [6] for further discussion.
The stable sexaquark hypothesis is tenable due to the unique symmetry of the uuddss ground state, which means that models designed to fit known hadrons cannot be trusted to reliably describe it because Fermi statistics prevents mesons and baryons from enjoying the triplysinglet configuration (in color, flavor, spin) accessible to uuddss. Hyperfine attraction is strongest in singlet configurations, c.f., the Most-Attractive-Channel hypothesis [11] , so binding is maximal in the sexaquark channel. Furthermore, the S should be much more compact than normal hadrons due to being a flavor singlet. Baryons (r N = 0.9 fm) are much larger than their Compton wavelength (λ N = 0.2 fm), which can be attributed to baryons coupling to pions (λ π = 1.4 fm). Estimating r S = λ S + 0.5λ f0 by analogy with baryons, where f 0 is the lightest flavor singlet meson (m f0 ≈ 500 MeV), gives r S = 0.3 fm. A compact, stable S is thus both selfconsistent and phenomenologically allowed, because the disparate size of S and baryons means amplitudes involving overlap of S and two baryons are very suppressed; see [6] for more details. The failure to find an H-dibaryon, combined with the well-founded expectation that some bound state -either stable or decaying -should exist, along with the absence of searches which could have detected a stable S, is strong indirect evidence for an as-yet-unobserved stable S with mass 2 GeV. New experimental strategies suited to finding such a particle, which is surprisingly elusive [6] , were outlined in [6] ; several experimental searches are now underway. If a stable S exists, it can be the DM. The discussion below shows it naturally has the observed DM abundance; that it makes a good DM candidate in other respects will be elaborated elsewhere.
The quark nugget scenario was inspired by the possibility that a macroscopic state of strange quark matter could be lower in energy than a non-strange state of equivalent baryon number [7, 12] . In this case, and if the QCD phase transition is first order, Witten showed that quark nuggets might form [7] . We now know from lattice QCD [13] that the transition is not a first order phase transition. Nonetheless some nuggets may form -perhaps via condensates of sexaquarks seeded by primordial density inhomogeneities -although the large background ofpairs would appear to make this difficult. If some quark nuggets do form, all or a portion of them might collapse to primordial black holes (PBH) of the same total mass.
These DM scenarios share the common features: • The DM consists of equal numbers of u, d, s quarks. In the sexaquark model the numbers of u, d, s are exactly equal, while in the quark nugget model the numbers are equal except in a thin surface layer. PBH's derived from sexaquarks retain this property until late-time accretion in galaxies, thus not affecting Ω DM /Ω b measured via the CMB and BBN.
• The mass-per-unit baryon number of the DM, y b , is very close to 1 for the sexaquark scenario where the mass range 1860 < m S < 1900 MeV implies y b = m S /(2m p ) ≈ 0.99−1.01. It would be similar for quark nuggets if those exist; the estimates of y b for bulk strange matter [12] should be updated since that pioneering work.
QCD PHASE TRANSITION
At high temperature, the QCD sector consists of a plasma of massless gluons, nearly massless u,ū, d,d quarks and intermediate mass s,s quarks. At low temperature, the QGP is replaced by the chiral-symmetrybroken, color-confined phase in which baryons are heavy and pseudoscalar mesons are light. Lattice QCD calculations show that the transition between the QGP and the low temperature hadronic phase is a cross-over centered on 155 MeV [13] rather than a true phase transition. Typical intra-q,q, g separations at these temperatures are O(1) fm (Fig. 3 in the Appendix); not coincidentally, this is the size of pions and nucleons. The QGP-hadron transition occurs over the 170-140 MeV range, with the quark and gluon condensates responsible for hadron masses and confinement increasing smoothly with decreasing temperature, while it becomes gradually more favorable energetically for qq's andto combine into color singlet mesons and baryons.
The number density of each fermion species as a function of temperature is given by
where g is the number of degrees of freedom (2-spin×3-colors → g = 6 per q andq flavor) and µ is the chemical (ochre), , and s quarks have a slightly lower abundance. These flavor ratios apply both to the thermaluarks and the "baryon excess" quarks. The BAU amounts to a roughly part-per-billion difference between the q andq abundance for each light flavor.
Below the phase transition, the most abundant particles besides photons and leptons are pions, as shown in Fig. 1 . Weak interactions maintain flavor chemical equilibrium, and hadronic and EM reactions like π + π − ↔ γγ keep the hadron abundances in thermal equilibrium in the low temperature phase. The age of the Universe in this epoch is t Univ = 7.3 × 10 −5 (100 MeV/T ) 2 sec.
DARK-TO-ORDINARY DENSITY RATIO:
Simply due to their higher mass, the equilibrium density of strange quarks and antiquarks is lower than that of up and down quarks and antiquarks, as shown in Fig.  4 in the Appendix. Let f s ≡ (n s + ns)/ 3 i=1 (n i + nī), be the fraction of quarks and anti-quarks that are strange; 3f s changes from 0.964 to 0.948 as the temperature drops from 170 to 140 MeV. In the DM scenarios under consideration, the DM contains equal numbers of u, d, s quarks. Therefore the maximum DM to OM ratio occurs when every s is entrained in DM and the left-over u, d quarks make baryons, leading to 3f s /(1 − 3f s ) DM particles per unit baryon number and Ω DM /Ω b = 18-27, for freezeout temperature ranging from 140-170 MeV.
However not every s is entrained in DM so the actual ratio of dark matter and ordinary densities is
where y b is the mass of the DM per unit baryon number in units of the proton mass and κ s is the efficiency with which s quarks are trapped in DM at the end of the hadronization transition. We can estimate κ s as follows. First consider production of S's. Even at the level of 1-gluon exchange, which provides a good qualitative accounting of most hadron masses [15] , there is a strong hyperfine attraction between uuddss quarks in the sexaquark (color-, flavor-and spin-singlet) configuration [9, 11] . This perturbative attraction is present independently of whether the quarks are in an isolated, zero-temperature S particle, or are in the QGP. Thus when the strongly attractive sexaquark configuration of quarks occurs by chance in some spatial region of the QGP, it will be energetically favored and linger in that state. Quarks in configurations which are not energetically favored will continue their random rearranging.
Because the chemical potential is negligible, statistical physics tells us that the relative probability of finding two s quarks in an S-like state compared to finding them in a state consisting of two separate (hyperon-like) 3-quark states, is exp(∆E)/T where ∆E is the energy splitting of the two configurations. When hadronization occurs, the S-like color singlet states become S's and other color singlets become mesons and baryons; configurations which are not color singlets continue rearranging and form new color-singlet combinations which then become hadrons . Hyperons and anti-hyperons present after hadronization maintain their appropriate thermal equilibrium abundances by decaying or scattering into nucleons and anti-nucleons, or annihilating.
We can estimate ∆E and hence κ s using physical masses of nucleons, hyperons and the hypothesized mass of the S; the leading uncertainty due to confinement and chiral-symmetry breaking cancels, to the extent that the presence or absence of the quark and gluon condensates shifts the masses of the S and octet baryons together. This approximation gives
where r ture because S's are robust against breakup into baryons. Breakup reactions are suppressed by a factor 10 −8 , or more, by the small wavefunction overlap between an S and two baryons [6, 8] . Moreover the abundances dictated by thermal and chemical equilibrium are the same above 80 MeV, so only lower temperature breakup is relevant. For the most favorable channel, only a tiny fraction of the kaons have sufficient energy for K + S → pΛ and the breakup rate is less than the expansion rate of the Universe; a detailed calculation will be reported elsewhere.
We can now calculate Ω DM /Ω b in the sexaquark model from Eq. (2). Idealizing the production of DM as occurring at a single effective temperature somewhere in the 140-170 MeV range, and using Eq. (3) to calculate κ s (m S ) taking y b = m S /(2mp), leads to the values of Ω DM /Ω b shown in Fig. 2 . For the entire plane the predictions are within a factor-2 of the measured ratio Ω DM /Ω b = 5.3 ± 0.1. And for the arguably most relevant final stage of the transition, T = 140 − 150 MeV, the agreement is better than 15% for sexaquark mass in the "safe" 1860-1880 MeV range.
CONCLUSIONS
Very simple statistical physics reasoning, along with externally-determined parameters such as quark masses and the temperature range of the QGP-hadron transition, have been used to calculate the ratio of Dark Matter to ordinary matter in models where DM is comprised of equal numbers of u, d, s quarks. The prediction is insensitive to almost all details of DM such as its interactions.
When applied to the sexaquark dark matter model, the prediction agrees with observation within ≈ 15% for the "safe" mass range, 1860-1880 MeV, where both sexaquark and nuclei are absolutely stable. Reducing the error bars on the prediction requires understanding the microphysics of the QGP-hadron transition better, especially the presently uncertain relationship between chiralsymmetry-breaking and confinement, to more accurately determine the effective temperature of the transition and how the energy of an S-like state of uuddss evolves relative to that of quark triplets with octet baryon quantum numbers, as the temperature drops. The features of the sexaquark model which lead to this result are essential features for the model's viability: a sexaquark mass near 2m p , so it is stable without causing unacceptable instability of nuclei [8] , and its expected compact physical size as discussed above.
A similar if less precise prediction for Ω DM /Ω b should apply to quark nuggets if those can form, since the key features are similar: DM which consists of nearly equal numbers of u, d, s quarks and suppression of s quarks inhabiting hyperon-like states, due to those being energetically unfavorable. The microscopic details of the QCD phase transition and their interplay with primordial temperature/density fluctuations from inflation need to be explored in greater depth, to determine whether these inhomogeneities can produce regions in which the development of the chiral condensate lags sufficiently relative to that in neighboring regions, to significantly concentrate baryon number, along the lines considered in connection with a 1st order transition [7] . An intermediate phase of sexaquarks or sexaquark-like states in the latestage QGP as discussed in connection with Eq. (3) might facilitate this process.
It is pointed out that the diverse conditions in the QGP phase transition may lead to multiple coexisting "phases" of dark matter, potentially consisting of a combination of sexaquarks, quark nuggets and even primordial black holes. The latter have been proposed as a component of dark matter, to help explain the very high mass supermassive black holes observed already at high redshift, and as a possible explanation for the large masses of LIGO's black hole merger events [16] .
The parameter-free nature and simplicity of the analysis presented here make the congruence of prediction and observation a possible smoking gun that DM consists of u, d, s quarks in nearly equal abundance. In that case, Ω DM /Ω b will provide a valuable window onto the QGPhadron transition, much as the abundances of primordial nuclei probe conditions during nucleosynthesis at 1000 times lower temperature.
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for m H = 1.8 GeV, where κ 1440 contains the residual color-flavor-spin dependence of the amplitude not accounted for by the simple hadronic-factorization model. Recently [17] used the results of [8] with the overlap evaluated using equations of [8] employing a recent model of the two nucleon wavefunction, and found a lifetime shorter than the bound of [8] , from which they concluded that a stable sexaquark is excluded. While a 1.8 GeV sexaquark is likely excluded, this does not mean that a stable sexaquark in general is excluded. There is no constraint on m S > 1861 MeV, for which decay of 16 O is kinematically forbidden, and somewhat lower m S may be allowed due to the rough nature of the estimate of [8] and the sensitivity of the rate to phase space. An effort to determine more accurately the allowed mass range for a stable S is underway.
Ref. [17] also attempts to model the relic density of SDM by assuming thermal freezeout. For this purpose they take m S = 1.2 GeV, in spite of the nuclear-stability exclusion of such low mass. For this mass, the correct relic abundance is obtained if freezeout occurs at T = 25 MeV. They find that the most important reactions to maintain chemical equilibrium are ΛΛ → S + X and others of this type, with cross sections required to be O(GeV −2 ) to maintain equilibrium down to 25 MeV. However the S-baryon-baryon overlap required for such a large cross section is excluded by the BNL-888 experiment [18] , as discussed in the Appendix of the updated [6] .
In short, neither arXiv:1803.10242's relic abundance calculation nor its exclusion claim based on nuclear stability [8] are applicable to the stable sexaquark scenario of [6] .
